Introduction

I and
99 Tc are among the largest contributors to the calculated health risk associated with long-term nuclearwaste disposal in the subsurface of many sites, including the Hanford Site [1] , and the Savannah River Site [2] . The causes for the large risk include large inventories of the *E-mail: daniel.kaplan@srs.gov radionuclides in many types of waste, their long half-lives ( 129 I = 1.6 × 10 7 yr; 99 Tc = 2.1 × 10 5 yr) and a perception that these radionuclides have a high mobility (i.e., low adsorption tendency) through oxidized, low organic matter environments. The high mobility of these two radionuclides is due to their anionic nature in groundwater.
The mechanisms by which anions partition to sediments is by outer-sphere and inner-sphere surface complexation [3] . In the former reaction, water molecules are imposed between the positive surface group and the complexed anion, as shown in Eq. (1):
where S is a soil adsorbent, and X + is a protonated hydroxyl (OH 2 + ), amino group (NH 3 + ), or a surface metal cation (M + ), and A − is an anion. The most abundant surface functional groups, especially in subsurface environments, are hydroxyls on hydrous oxides and mineral edge sites. The pH-dependency for the formation of the protonated hydroxyls can be expressed as:
where SOH 2 + is increasingly more abundant under increasingly acid conditions and SO − is increasingly more abundant under increasingly basic conditions. The pH where the net surface charge is 0 meq/kg is often referred to as the point of zero charge (pH pzc ). The pH zpc for silicates and 2 : 1 minerals is ∼ 2.5, for kaolinite ∼ 4.6, for Fe-oxyhydroxides is between 6 and 8, and for gibbsite is ∼ 5 [4] .
Inner-sphere surface complexation of anions involves coordination to created or existing Lewis acid sites. Almost always, the mechanism of this coordination is hydroxyl ligand exchange. For an anion, A − , reacting with a created Lewis acid site, the left hand reaction described in Eq. (2) must occur first, followed by:
If the Lewis acid site is present already, the protonation step is not required. The protonation step is thought to make the ligand exchange reaction in Eq. (3) more favorable [3] . However, ligand exchange between pertechnetate and magnetite has been shown to occur primarily with uncharged surface hydroxyl sites, as represented by SOH in Eq. (2) [5] .
The speciation of technetium and iodine has a profound impact on their sorption to sediments [6, 7] . Fig. 1 is an E h − pH diagram of the dominant iodine and technetium species in water at 25
• C that was calculated from standard potentials for the redox couples. The pH and E h limits in aqueous systems are identified with the H 2 O/H 2 and H 2 O/O 2 equilibrium lines. The inscribed E h − pH region is representative of most soils, based on an extensive survey of 6200 unimpacted natural soils [8] . Within this inscribed region, the dominant iodine specie is iodide (I − ); iodate (IO 3 − ) and di-iodine (I 2 ) constitute a smaller portion of this inscribed region. Both pertechnetate and Tc(IV) are equally distributed in the inscribed region.
Iodate sorbs appreciably more than I − to several minerals [6, 7] . Couture and Seitz [6] reported that > 99.99% of the IO 3 − and only 30% of the I − sorbed to hematite in a pH 7 system. They also reported that > 26% of the IO 3 − and none of the I − sorbed to kaolinite in a pH ∼ 5 system. They postulated that IO 3 − specifically sorbed to hematite by ligand exchange (Eq. (3)) through the formation of Fe−OIO 2 bonds, displacing OH − . This mechanism is analogous to selenite sorption to goethite [9] , phosphate adsorption to hematite [9] , and other oxyanion adsorption to ferric hydroxide [10] . Ticknor and Cho [7] reported that more IO 3
− sorbed to granitic fracture-filling minerals. The cause for the difference in I − and IO 3 − sorption behavior is not known but is presumably the result of the "harder" base nature of IO 3 − , as compared to I − , which would favor "hardhard" interaction with the "hard" acid sites on the mineral surfaces.
At pH values of ∼ 8, Kaplan et al. [12] reported that little or no I − sorbed to calcite, chlorite, goethite, montmorillonite, or vermiculite, whereas a significant amount of I − caused 43%, 45%, 52%, and 83%, respectively, of the adsorbed I − to desorb. Iodide sorption to illite was strongly pH-dependent; the K d values decreased from 46 to 22 mL/g as the pH values increased from 3.6 to 9.4. These experiments suggest that illite removed I − from the aqueous phase predominately by reversible physical adsorption to the pHdependent edge sites, as described by Eq. (1).
In natural soil systems, the dominant mobile forms of Tc are pertechnetate (TcO 4 − ) and TcO 2 ( Fig. 1) . The reduced species, Tc(IV), is appreciably less soluble than the oxidized species, Tc(VII). Consequently, only pertechnetate has a tendency to be mobile in natural systems. Pertechnetate generally sorbs poorly, if at all, to mineral surfaces [13] . In a survey of > 40-minerals, including several 2 : 1 minerals and Fe-, Al-, and Mn-oxides, little or no pertechnetate sorption was detected [13] . Furthermore, pertechnetate sorption was not pH dependent, with the exception of illite, which showed a modest pH-sorption dependency.
Wildung et al. [14] used a batch equilibrium technique to determine pertechnetate ion sorption to 22 different soils. The K d values ranged from 0.007 to 2.8 mL/g and were positively correlated with soil organic carbon content (P ≤ 0.01), negatively correlated with soil pH (P ≤ 0.05), and not correlated to either clay or sand concentrations. The positive correlation with organic carbon is likely the result of organic matter containing anion exchange sites or of the organic matter reducing the Tc(VII) to the sparingly soluble Tc(IV) species. The negative correlation with pH is likely the result of pH having an inverse relation with the sediment positive charge (Eq. (2)). Routson et al. [15] reported essentially no TcO 4 − sorption, irrespective of sodium bicarbonate concentrations, to subsurface sediment collected near the Savannah River Site located near Aiken, South Carolina. Kaplan and Serne [16] reported that TcO 4 − was repulsed by subsurface sediments (pH 8, carbonate and Ca dominated system) collected from the Hanford Site located near Richland, Washington. The small degree of repulsion was quantified through a series of experiments with several different controls and a large number of replicates to permit distinguishing no sorption from very low levels of anion exclusion. The measured K d values were −0.05 mL/g for a very coarse sand sediment (Trench 94) and −0.03 mL/g for a silty loam sediment (Trench AE-3).
Under reducing conditions, Gast [17] reported that as much as 98% of the pertechnetate added to Minnesota soils was removed from solution. He attributed this to the precipitation of technetium heptasulfide or the reductive precipitation of TcO 2 , rather than technetium removal by adsorption processes. Significant amounts of pertechnetate were removed from solution in the presence of magnetite, an Fe(II) containing oxide phase, by surface enhance reductive precipitation [5] . In the first step, pertechnetate undergoes ligand exchange with surface hydroxyl groups. The adsorbed pertechnetate is then reduced to form TcO 2 (s) by the magnetite, which can act as a semi-conductor due to its low band gap (0.1-eV) between the valence and conduction bands.
The objective of this study was to measure the pHdependency of iodide and pertechnetate sorption to sediments collected from the Savannah River Site, located near Aiken, South Carolina. This data will eventually be used to calculate the health risk associated with the long-term disposal of low-level nuclear waste on the Site. The approach used in this study was to measure the surface charge, and the pertechnetate and iodide sorptive properties of two sediments. The sediments selected for this study were geological end-members of the proposed disposal site insofar that one sediment was collected from the subsurface and contained very little organic matter and the second sediment was collected from a surface wetland area where the groundwater eventually surfaces. The iodide and pertechnetate species were used in this study because based on field pH and E h data collected from these two sites, these species are the most likely mobile species at the disposal site (Fig. 1 ).
Materials and methods
Sediment characterization
Two sediment samples were collected. One sample was collected from a depth of ∼ 2 m from near the E-Area LowLevel Waste Facility in the Savannah River Site. The second was collected from the surface of a wetland area located along the Savannah River, also located on the Savannah River Site. In the case of the wetland sediment, the surface organic layer (O horizon) was removed prior to collecting the surface 10-cm of mineral-dominated sediment. 
-Black wet digestion method, particle-size distribution by the sieve and pipette method, cation-and anionexchange capacities by the unbuffered ammonium and chloride exchange method, and free Fe by the dithionite-citrate buffer method [18] . Semi-quantitative mineralogy was determined by X-ray diffraction analyses of the < 2-µm fractions that were separated by sedimentation and then H 2 O 2 -treated to remove organic matter. X-ray diffraction was conducted on Mg-saturated samples that had been sequentially heat treated at 25
• C, 65
• C, and 300
• C.
Point-of-Zero-Salt Effect experiment
Measurements of the pH-dependent charge were made using the procedure of Zelazny et al. [4] . Four-g of sediment were placed into each of 44 50-mL centrifuge tubes and arranged into 4 rows of 11 tubes. Another 44 tubes were arranged identically, except no sediment, only liquids, were added to the tubes. Ten-mL of 0.2 M, 0.02 M, 0.004 M, and 0 M of CaCl 2 were added to rows 1, 2, 3, and 4, respectively. The following volumes of 0.1 M HCl were added to the first six rows of the CaCl 2 solutions: 0, 0.5, 1.0, 1.5, 2.5, and 4.0 mL. To the remaining 5 tubes in each row, the following volumes of 0.1 M NaOH were added to the CaCl 2 solutions: 0.25, 0.5, 1.0, 1.5, and 2.5 mL. Distilled water was added to bring the total volume in each beaker to 20-mL. The suspensions and pure solutions were then put on a platform shaker for 7-days to equilibrate. At the end of the equilibration period, the pH of the 44 suspensions and the 44 pure solutions were measured. This data was then used to construct titration curves. Surface charge was calculated using the following equation:
where: ∆H − ∆OH = apparent proton surface charge density calculated by titration at a given ionic strength and pH (cmol c /kg or meq/100 g), ∆H = the difference between the final H + concentration of a suspension and that of the blank, ∆OH = the difference between the final OH − concentration of a suspension and that of the blank, pH(B) = pH of the blank solution, pH(S) = pH of the sediment suspension, 14 = conditional dissociation product of water, γ = single ion activity coefficient calculated with the Davies equation [19] , and W = oven-dried sediment sample weight (g).
Sorption experiment
Once the sediment surface charge was calculated, I − and TcO 4 − K d values were measured. The 22 pH-adjusted sediment samples (2 sediments × 11 pH levels) prepared in 0.01-M CaCl 2 for the titrations described above were used in this portion of the study. The 0.01-M CaCl 2 background solution was selected for this study because it most closely reflects the chemistry of E-Area groundwater. A 0.25-mL aliquot of a concentrated 129 I (as iodide, I − ) and 99 Tc (as TcO 4 − ) stock solution was added to each tube. The suspensions were put on a platform shaker for 7-days to equilibrate. At the end of the equilibration period, the suspensions were centrifuged and then passed through a 0.45-µm filter. The filtrates were analyzed for 129 I and 99 Tc activity by gamma spectroscopy. K d values were calculated using Eq. (5):
where, 
Results and discussion
Sediment characterization
The wetland and the upland sediments had similar particle size distributions, mineralogy, and pH values (Table 1) . Although the wetland sediment had appreciably greater organic carbon concentrations than the upland sediment, the organic carbon concentrations were unexpectedly low. This may in part be attributed to the fact that the organic layer, the O-horizon, was removed prior to sampling. The undetectable organic carbon concentration in the upland sediment is consistent with the notion that little organic matter is leached into the underlying sediments. The cation exchange capacities were surprisingly similar considering that the wetland sediment had appreciably greater concentrations of organic matter.
Point-of-Zero-Salt Effect experiment
The pH dependency of the sediment charge is presented in Fig. 2 and Fig. 3 . As the pH of both sediments is increased, the net surface charge becomes more negative. This is the • C). The inscribed area represents the pH and E h levels in most soils and was determined from a survey involving 6200 data pairs [8] . The filled data points were from samples collected near the wetland sample site [20] . The open data points were from samples collected near the upland sample site [21] . result of more hydroxides forming on the sediment surface (within the Helmholz layer) as the pH of the bulk solution is increased. The point where the lines representing different ionic strengths meet is referred to as the Point-ofZero-Salt Effect (PZSE or pH 0 ). The pH 0 in the two sediments were very similar. In the wetland sediment, the pH 0 was ∼ 4.4 ( Fig. 2) and in the upland sediment, the pH 0 was ∼ 4.1 (Fig. 3) . A priori, one would expect a lower pH 0 for a sediment high in organic matter because organic matter generally has a pH 0 of ∼ 4, whereas Fe-oxyhydroxides has a pH 0 of between 6 and 8. These pH 0 values are quite similar to that of kaolinite, one of the dominant minerals in the clay fraction of these sediments (Table 1) . Kaolinite has a pH 0 of 4.6 (more specifically, this is the point of zero net proton charge) [4] .
Wetland Sediment
These sediments have little net surface charge at ambient pH values. The wetland sediment at pH 4.2 has no or a slight net positive charge (Fig. 2) , whereas the upland sedi- ment at pH 5.0 has a slight net negative charge (Fig. 4) . This suggests that the sediments have little capacity to sorb either anions or cations under ambient conditions by electrostatic attraction.
Sorption experiment
Iodide K d and TcO 4 − K d values were greater in the wetland sediment (Fig. 4) than in the upland sediment (Fig. 5) , likely attributed to the greater amount of organic matter in the former (Table 1) [16] . Negative K d values imply that the anion is being electrostatically repulsed from the water immediately in contact with a negatively charge sediment surface. Greater the negative surface charge, greater the zone of anion exclusion in the aqueous phase, and, therefore, the greater the concentration of anions in the bulk water (water not influenced by the electrostatic halo around the particle surfaces). Bulk water is almost exclusively sampled at the end of a K d experiments, especially after centrifugation; this concentration is denoted in Eq. (5), as A f .
Conclusions
The two soils used in this study possessed a pH-dependent charge; one soil was collected from a wetland and derived most of its charge from organic matter, whereas the second soil was collected from an upland site and derived most of its charge from Fe/Al-oxide coatings. The pH where the wetland soil had no charge (more specifically, the Point-ofZero-Salt effect) was 4.4. The pH where the upland soil had no charge was 4.1. Under ambient conditions, the wetland soil had a pH of 4.2 and a slight positive net charge of + 0.1 meq/100 g. The upland soil had a natural pH of 5.0 and a net charge of − 0.25 meq/100 g.
Both iodide and pertechnetate sorbed appreciably more to the wetland soil than to the upland soil, likely the result of more anion sorption sites derived from the organic matter in the wetland soil. In both soils, iodide sorption was greater and exhibited a greater pH-dependency than pertechnetate sorption. Pertechnetate exhibited anion exclusion (negative K d values) or no sorption at pH values above the Point-ofZero-Salt Effect. Iodide sorption rapidly decreased as the pH increased to the zero-point-of-charge, and then remained largely unchanged at pH values above the zero-point-ofcharge.
In summary, although both soils had nearly identical particle size distributions, pH values, and mineral compositions, they had dissimilar surface charge and I − and TcO 4 − sorption behavior. This underscores the importance of mineral surface coatings on radionuclide sorption to sediments.
